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Production in TIWR

Abstract

Up to 9.3 MW of fusicm power has h pmiuced from deuterium-tritium (13T)fusion reactions in he

T~ Fusion Test Reactor iTFI’R).llc total fusion yield from a single plasm pulse h- =hed

65 W. The experiments in TFIR with &uterium-rririum plasmas fuelled and heated by neuti Mm

injdon span wide ranges in plasma and operating corkWons. Tkcn@ the use of lithium pe]kt

catditioning LOccxmol the edge recycling. tk plasma confinement in H has beenimprnved to the

point wh~ the stability of the pkna to pressure driven modes is limiting the fusion power f=

p- ~ts up to 2.5 MA. lk central energy and fusion power densities in Wse plasmas=

~~m*=~inati~DT~m,stim~.

1. hitroductlon

Since December 1993, the T- FLIsionTest Reactor (TFI’R) has been operated with mixed

~mn-titium pkamas at plamMtknsides ~ tcmpuatums nearthose apemd in a ~ swh as

~. To dam, 120 plasmas have ~ heated and fuelled with tritium by at least one neuud b

source opemcing in pure tritium. A major thrust of th&experiments king conducted with high

~Uadons d Whiumis t’ ● studyof dMenergetic IX fusion alpha-pardclesin theplassrl&irwhding

M confkmem and transp~o their role in the energy balance and their potential fm exciting

instabilities. Since the possibilities for ob~ing both self heating of the plasma by the ~ fusion

pducts d the colktive instabilitiesCMXMby them generally increase with the DT fusion rote, the

*ma ofintercst has - eff~ co maximiz rhefusion pmwr praiuction in TFI’Rm

l%is paper presents the techniques CIMIhave kn used m pmiUCC high DT reactivity in ~. ‘I%e

optimization of the DT powGYwithin the cons~nts imposed by the available heating power, the

amgy conihment and the plasmastability arc discussal The malelling of the fusion -tivity H

m ~ pktna parametersis then -A Finally, the possibilities for further improvmts

in tk DT fusion performanceofTFIR arediSCUSSd

2. Regime of DT Operation

IW prcxiucing high DT fusion yields in TFI’R, injection of high-power tritium and deuterium neuual

kams (NBI) -hasproved most successful [1,2]. In the “preliminary aitium experiment” in the Joint

European T-s (~ [3], the uirium was S.ISOinuoduced I,hroughNBL In TFT’R,the twelve neutral

km sources inject almost tangentially; six of the sources inject co-parallel and six inject counter-

parallel to the plasma current, For most of these experiments, euch source was operated with either

pure deutetium or pure uitium gas, although in an initialseriesof experiments, sources were also
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operad with a mixture of 2$%tnt]urn in deutcriurn. It has been possible to switch each source from

deuterium to critium operation and back cm successive plasma shots without intemqxion of the non’md

TFTR operating cycle. This flexibility has minimized the mcium consumption for each experiment and

enabled careful comparisons to be ,rna& between D-only and DT plasmas in otherwise similar

conditions. The TFIR NE sourccs produce about 10% more injected power when opemcing in tritium:

a maximum tritium N?31power !Yoms single source of 3.6MW has been a:hieved at an accelerating

voltage of 116kV. % uiriurn ~1 at n- acceleratingvoltages, approxurtately67%of the pow= is

in the full-energy, 27% in the half-energy and 6% in the one-third-energy component wherca~ in

dcuterinmat normal accelerationvoltages, approximately 62% of the power is in the full-energy, 29%

in the half-energy and 9% in the one-thi~-energy component. Thc total NBI power has ~hcd

34 MW in lmth DT (using 6 T and 5 D sources) and D-only (12 sources) and 23 MW in T-only (8

SOIUCCS).The NBI pulse has bc:n typically 0.7 to 2.0s in duration. Shorter NBI pulses wme generally

used to conserve uitium and to minimize the activation of the suwctu.rc,except in experiments designed

to study the accumulation of helium ash fhm DT reactions.

FCW(hatitm NBI. the highest DD fusion rates in TFIR ilave &en obtained in the supers!!ot mgitm

[4], chmc&riA by V- high central ion temperatures,T’l(o)= 20-35 keV >> Te(0) = 10- !2 kcV,

highly peaked profiles of thc density and ion tempcratu, a broad electron temperature profde, and

enhanced confinement relative to the @ctions of L-mode scaling. This regime was also used for

-t of the high DT fusion yield experimcnrs. In the DT experiment in JET, a similar mode of

operation with Ti(0) > Te(0) was used, although in that case, the divenor plasma also showed

ch~teri.sties of H-mcuie confinement [3]. Supershocs in TFIll arc produced with NBI heating when

the edge recycling of hydrqcnic species and carbon are redtsced so that the plasma core is fuelled

prcdorr;nantly by the injected neutrals. In addition to the enhanced confinement, this prcmcks the

ii(hntagc for DT experiments that thc cenmti ion-species mi,xcan be varied by changing t!!e!iaction of

sources injecting tritium. In ‘TFIR, thc reduction in edge recycling that can IX achieved by running

repeated low-density ohmica.lly heated plasmas has kn extended thruugh the injmtion of solid lithium

pellets (1 -4 pellets) into the ohmic phase of the discharge [5]. The plasma density penurbation frcm

the pellets, which are injected 1,5- 0.5s prior to N“BI,has largcl,y decayed by the st~ of the NB1;

CVcnin phlsnlas with multiple conditioning pellets, lithium is not a significant source of plasma dilution

dtuing NBI. Each pellet contains typically 4 x l@ atoms, which co~sponds to coverage of roughly

one monolayer of lithium on the limiter surface. The use o: !ithium-pellet conditioning has increased

the plasma current at which the supershot cbgractcristics are obtained to 2.5 MA and increased the

highest energy confinement time achieved to 0.27s in a plasma with 21 MW NBI, In deuterium

supershots, there is a strong dependence of the peak fusion reaction ntte on the total plasma energy,

Wmt, during NBI [6] and similar dependence was expected with

yield, therefore, operation at high plasma current and toroidal

>

DT [7], For maximum DT fusion

magnetic field was necessary to
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maximize the ~-limit. which has been found to scale in supershoLs similarly [o [he Troyon limit [8], S0

hat Wta= = JJ3T for fuwd piasma size.

The experiments described in his paper were conducted in plasmas with major radii of 2.45-2.52 m

(n..,,~r radius 0.80- ().87 m, nominally CtiCUIUcross-section, with a toroidal carbon limiter on the

inboard side) at a toroidal ma-~eric field 4.6- 5.1 T. ~ne plasma current was in rhe range Ip = 1.0-

2.5 MA. held constant during .NBI, and the total NBI power was in the range 5-34 MW. In a

companion paper by Sabbagh er al. [9], experiments in which the plasma current was ramped during

NBI to rndify the cumcntprofile am aesctibed.

The DT fusion yield from ~ is tneasti with a number of detectors for the 14 MeV neuomts [10].

The total rate is measured by ~He-recoil dcte.ctors, silicon smtiace banier detectors, ZnS scinflamrs

and a set of fission detectors (WJ and 2:~u) with overlapping operat+ng ranges to p.avidc wide

dynamic range. mst of these detectors have been absolutely ca.libraed using a standard DT neun’on

source in siru [11]. The total yield for each pulse is measured by an elemental sample activation

analyzer which provides neutron energy discrimination and which, coupled with a neuttrm ~pt

code, is also absolutely calibrated [12]. The scintillators and dHe-recod detectors are collimated along

ten lines of sight across a polnidal cross section to provide data on the neutron source pdik. The

vaiious detectors have different sensitivities to the 2.5 MeV neuuons from the d(d,n)sHe reaction ~d

the 14.1 MeV neutxons from the d(t,n)4Hc reaction, Wowing the rates of the two reaciiotts to k

separated for plassmaswith a small tritium content. The DT neumon rates used in this papr ilx’e

generally derived from one of the fission detectom operating in its current-measurement*. The

calibration of this mode, which is expected to be linear for Dl” neutron rates up to 1019 S-1, wu

derived from an uncertainty-weighted mean of four absolutely calibrated measurements for ~he fmt

high-power tritium shots in December 1993 [10]. From time to time since then, variations of Upto

10% have been observed between tins and other measurements of the total DT fucion rate. Thc OVCM

accuracy of the DT neutronrates is believed to be*7%.

Figure 1 shows the tine evolution of the DT fusion power (using the total reaction energy of 17.6 McV

~ DT neutron) and plasma stored energy for four plasmas from a sequence leading up to the shot

pmclucing the highest instantaneous power of 9.3 ~ 0.7 MW. The plasma energy is determined from

magnetic data and includes the energy in the unthmrnalized injected cteuterons and tritons. In this

sequence, the neutral beam power and the amount of lithium conditioning were progressively

increased. Only shots with tritium NBI are shown in Fig. 1; shots with deutcrium NRI only were

interspersed between the rntium shots. The final shot in the sequence disrupted after 0.44s of NBI

when the plasma reached the ~-]imit at a total plasma stored energy of 6.5 MJ, corresponding to a

Troyon-normalized-~, ~N (=1@~”~aBTflpwhere ~T is the total toroidal ~ and a is the pk.sma tTthOr

radius) of 2.0. A similar ~-limit has been found to apply to deuterium “High-~p” plasmas in JT-60U,

-4-
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which exhibit many similarities IOIITll supersho(s. including high ion temperatures and pcticd

pressure profiles [13].

figw ~ ~how~tie ~ fusion ~owerm~vem~~ ova a @ ms in[~a], M a funcuon of tc~ heating

power (NBI plus ohrrucpower tie latter is. however. negligible for Plot> 10MW for the aata set of
supershois with NBI auxiliary heating only and with more than 20% of the h“BI power in triti~.

Plasmas with cxtensiw lithium pellet condi~onlng ~ distinguished. A non-linear dependence of the

DT fusion power on the heating power is apparent in the= data. The highest ratio Q of the fusion

power to the total heating power. Q = ().27, was ob~ncd on two shots, one being the highest pOWW

ht. h thissho~ immediately before the disxuprion, the race of increase of plasma energy was still

7.5 W odt of a total heating ~~cr of 34NfW, demonstrating that stability rather th~ energy

confinement now imposes the limit on the DT performance in ~. The central toroidld-~ is

calculated !Ohave reached 5% in this pla,sr,~a.A rapidly growing, toroidally localized mo& M*

M100r@ Chatter was detected in Ihe electron tcrnperan v profile immediately beforr this disruption

[14], The slm: prcducing 5.6 MW with only 21 MW h~~ was conditioned with four lithium peilets in

the ohmically hened phase ptior to the NBI ~d acliicved a transient confinement time of 0.27s

(averaged over an energy confinemem time) which is approximately 2.4 times the prediction of riER-

89P scaling [151, based on an average ion mass of 2.5.

?lm peak fusion powers fiorn DT and nominally D-only supershots at the same NBI powe~ U*

similar conditions have been compared. Since there is a small amount of tritium present in ny

nondnally D*tdy plasma taken soon after a DT shot, a,sa msulc of tritium influx from the limiter, thc

~ reetion cornpcment is subtracted from tie nominally D-only data in calculating this power ratio. k

the expctiment to maximhe fusion power, the DT cortpncnt of the reaction rate in the D-only ;d=dts

tended to increase semlarly through the ~JI pUISCwhereas the DD component generally peaked after

abut O.SS.Ciompaikan of the plasmas shown in Fig. 1 with D-only shots from the same ex~ment

having the same plasma current (2.5 MA) and numb of u pCllCCS,yields a ratio PDT/P~D of 135 * 7

~ constant neWa/ km power. A similar ratio is cbta,imd for the subset of shots with the same major

radius (2.52m) but at a plasma cument of 2.OMA.

In discussing the relative fusion reactivity, it is alSOnccessa.ry to consider the confinement differences

&tween DT and D-only piasmas. since the fusion raKCvaries strongly with plasma energy [6]. As

discussed in detail Dy Zarnstmff et u.f,[16], the global enqy confinement of plasmas with significant

tritium NBI is substantially higher than in equivalent plasmas with deuterium NBI only. Flgut’e 3

shows the fusion power production from comparable DT and D-only plasmas plotted against the

scaling W~11”91qaJ”32Vp-1, where Vp is the plasma volume and qa the edge q, and the exponents on

Wm and ~ were determined by regression analysis. The exponent of Wlm is C1OSCto that expected for

thermalized DT plasmas with ion tem~eraturesin the range 10-20 keV (where the local DT fusion

power density varies approximately as ni~T12)having similar pressure profile shapes and in whict the
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u 39 represents a tendency for theelectron stored energy is a constant fiction of the total. The factor qa “ -

pressure profile to broaden and tie fraction of the total energy in the ions to decrease with plasma

cument. The data include supershots both with and without li[hium pellets. The DT plasmas arc

restricted to chose witi a uirium .NBI power fraclion between 0.35 and 0.75. The root-mean-squ=

deviation of the data about the fit is akut 7% for [he whole data set. From this dam. the ratio of *C

fusion power benveen the DT and D. only supershots ar Consuvuplmm energy is 115t 15.This rZtiO

is less than the maximum of about 210 ex~cted for <herrnalized DT and D-only plasmas at a

temperature of 10kcV, because in supemhot.s, lhc ion temperatures are higher and the non-themtal ion

component increases the reactivity in D-only plasmas, and because there are small systematic

Merences in the Pmfdes Imween DT am! D-only supershots.

3. Mode’%g of the DT Reactivity

The time evolution of the fusion reactivity in ~n has been analyzed with the TRANSP cede [17].

Ike deposition, orbit loss and slowing down of the injected T and D neumls are calculated using the

-ured profiks of the electron densit y and rl~ electron an: ‘m temperatures. The beam-injamai ions

am transferred to the thermal ion population when their encq~ iea:hes 3/zkTl, where Ti is tie 1A i~

temperature. The profile of the total ion density is calculated using the visible bremsstrahlu.ng for tk

total ~f ~d x-ray measurements of tie me~lic contribution tc ~rf. Spectroscopy shows thti c*n

is the dominantlow-Z impurity. A source of uncerity in the analysis is the role of the edge fuelling

in determining the ovemll mix of deuterium ~d titium in the center. High-resolunon spe.cqy of

the hydrogen imope line radiation b the pkma edge [18] has confined that, as expectedfk)m the

history of the limiter exposure D plasmas, the edge fwlling is dominated by deuterium, with a ~er

component of hydrogen, typically 10 – 20%, and relatively little rntium influx. e 10%. Comparisons

between phsmas with varying fmcticms of D and T injectmn have demonstrated tku the fueilingof the

core of supershots by this edge recycling is quite significant. The L)T neutron mte normalized to the

scaling W~ot1.91qaO”32VP-I is shown in Fig. 4 as a function of the rntium NBI fraction, fi =

PT/(PT+ PD)where PT, PD are the tritium and deuterium NE! powers, for plasmas with i%BJ>

iOMw and at Ieas[ one source injecting tritium. l%e fitted parabola. u nich is constrained a[ ~ = Oto

the level t~ical for D-orly plasmas in DT experiments. peaks at FT = 0.6 and is broader than would

be expected in the absence of edge fuel)ing. In plasmas with T injection only, the notmdlized DT

neutron rate averages about 65% that for the optimal mix of D and T sources and SIIOWS molt

variability sines it depds on the edge influx. in plas~~s with deuterium NBI only, rherntium content

is small an+dependson the tritium exposure of the limiter during the preceding discharges. However,

becauseof its muchlarger fusion probability, the tritium m D-only plasmas can produce a DT reactivity

comparable to or larger than the DD reactivity. A model for the T and D transpon which desuibes

-6-
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reasonably well the dependence Of tie DT and IX) neutron rmcs on the Lritium !uelling fraction has

&n developed [19].

The measured and calculated ume evolutions of the tor.ai DT fusion power and plasma energy are

cmnpared in Fig. 5 for the shot (76’77 I ) pmduci.ng 7.2 W (Fig. 1).The slight deca:{of the DT pow@r

after ().45s of heating is reproduced by the calculation. indicating that this decay arises fmnl the

cimsical effects which are included ~ CIMmo&l (in pticular. changes in temWraturc and density P

files) and is not caused by an anO~lOUS IOSSof injected beam ions. The &ta tim the col-d

neutrondetector may is also used cocms~n tn~ flleuing and particle transpon models. At the tiMCof

peak fusion power, the central el~~n and ion tcmpem~s in this plasma were 11 and 30 kcV d

“he central electron and fuel (deuteron pIuS triton) densities were 7.3 x 1019 and 5.()x 1019m-s

ZVCIY. The peakedness of the fuel ion pressure profile, which is appropriately c** by

the -M <U#>/<UDT#, wh~ U~T is the energy density of the deuterons and mums d O

representsthe volum average, reached 2.1.

For the sukt of DT plasnMs in Fig. 2 that have hen adyzd h detail by TRANSP (46 shots), thc

nxdel genetally retches the totalp- energy within 10%and the total DT neutron tate within 25%.

The discrepancies in the DT ratc md the pl~ma energy are comclated so that tic mcxiclled ~d

~ured mtios PfflU~ agree Witiin a 10% smw deviation for the DT plasmas. For* D-

dy pIasmas ntn during ‘he DT Camptign, the TRANSP calculations of the plasma energy ~

gCncrally in agreement with thc m~~ments but the fusion rates do not agree quite as WCLAS a

rctit, the TRANSP code predicts that ti~ shwld IICa raUOof about 135 between the fusion powers

b DT nd D-only supershots at cons~t pl~ma energy, which is about 20% higher th~ thc

nmsured ratio.

4. Discussion

For shot 76771, thr bcal Q, defined u tie mtio of the fusion power density to the total heating power

density (neutral beam and ohmic power) was about 0.4 at the plasma center. The plasma with

exceptional confinement produced by li~ium conditioning which achieved a global Q of 0.27 (shot

77309, Fig. 2), SScalculated to have reached a central Q of 0,5. The central fusion power densities

achieved in the high-performancem su~hots, typically-1.5 MWm-3,are essentially the same as

thOS for purc, iswhe?mal DT plasmas at tie optimum tcmpcmtum for reactivity (Te = TI = 15keV)

having the same total energy density. For shot 76771, this “equivalent thermonuclear” phsmn would

have ne = nT + nD = 1 x 1(@ m-j. Although the INJ31provicies the dominant hewing and fuelling in

supershots, at the plasma center, the non.the~~ ion disrnbution dOCS nor increase the DT reactivity

compared to that of a plasma having a locally Maxwellian ion distribution with the same total fuel

energy md panicle densities, The hot-ion (Ti > Te) nature of tiese plasmas essentially compensates fm

the dihttion of the fuel density relative to the elutron density.

-7-



.

!.4E.4 -~.V-t)WA-l-i - 1

Assuming that the cenmj pjasma encrg)~densi[y ISIimli:d. clther @ contlnemem or the local ~-limit

for the present magnetic tl:id srngth. the reactivity is cun-endy being reduced blow that which t.ould

be achieved both by the presence of impurities (&flO) = 2.0 typically at the time of peak fusion

power) and by the hydrogen component fuelled by the limiter. In the shot that achieved exceptional

confinement and Q (77309), :hc fraction of hydrogen in the edge recyciing was paxticular]y high.

Nkxielling with TIUNSP sugges[s that increases of 20% in the central fusion power density might IX

possible in similar plasma conditions to this shot with thcmrmal recycling composition. Experiments

to modify the contact of the plasma with the limiter to control the recycling during the NBI pulse arc

also planned.

Since the ~-limit is now providing a fundamental limitation cm the achievable DT performance in

TITR, plans arc also being made to increase the toroidal mag;:ctic field by up to 16% for a Ii,mitd

number of pulses. Such an in~ couid raise the cermid plasma energy density at the ~-lirnitby up to

~ ard if the present scaling is maintairte4 the achievable DT fusion power by up to 70%.
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pow. Dischqes with D-NBI only were in~pcrsed in this squence. One or tw lithium

pales w injected imo rhe plasma prior to NBI. Plasma parameters: major radius 2.52m
minor radius 0.87m. toroidal magnetic field 5. IT, plasma current 2.5,MA.
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Fig. 2 Peak DT fusion poweras a functionof tod input pow (NBI plus ohmic power). Thc -
is for su~hots witi at least one NBI so= inj~g pm rntiurn Shots with triaum ~1

only are distinguished. Impmti perfomm is de possib~ by Li pellet injcccion.
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peak fusion power from both DT and D-only supershots with NBI hemng plotted against

tk comrmn sealing expression. Tle l)T plasm are resrncted to thox witi close to the

optimumfraction of T-NBI.
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Dependence of the normalti DT fusion pow on the fraction of T-NBI in thetoti NBI

power. ‘he DT fusion rate is normalizedto the scaling expression (Fig. 3) to ranow the

effect of the energy confinementon the DT power. Tlmrange over which the scaling

expression was fkl and the range of DT power for D-only plasmas are indicated.
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Comparisonsof a) the DT fusion power and b) he plasma energy calcukuedby TRANSP
v/M ~urernents for shot 76771. panel c) shows the inferred densities of the \tiOUS

plasmaspecies.


